Objective: We investigated the associations of diabetes and hypertension with imaging biomarkers (markers of neuronal injury and ischemic damage) and with cognition in a populationbased cohort without dementia.
the age at onset. Furthermore, the implications of age at onset on brain pathology, and the impact on cognition, have not been fully examined. The objective of this study, therefore, was to investigate the potential mechanisms by which diabetes and hypertension affect imaging markers of ischemic injury and brain volume loss from neurodegeneration and how these imaging measures in turn alter relationships of diabetes and hypertension with cognition. METHODS 
Study setting and participants. The Mayo
Clinic Study of Aging (MCSA) is a population-based prospective study that was initiated in 2004 to investigate risk factors for mild cognitive impairment (MCI) and dementia among Olmsted County, MN residents. Details about study design and methodology are reported elsewhere. 13, 14 Briefly, Olmsted County residents aged 70 to 89 years were enumerated using the Rochester Epidemiology Project medical records-linkage system (n 5 9,953). 15 An age-and sex-stratified sample (n 5 5,233) was randomly selected from the census enumeration; we excluded subjects with prevalent diagnosed dementia and persons who were in hospice or were terminally ill. Of 4,398 eligible subjects, 669 agreed to participate by telephone only. The remaining 2,050 who agreed to participate in a face-to-face evaluation were comprehensively evaluated to assess cognitive function, and were invited to undergo MRI. The present study is based on subjects who had their first study MRI performed between August 2005 and September 2011 (70% were within 3 months of the clinical assessment).
Standard protocol approvals, registrations, and patient consents. All study protocols were approved by the Mayo Clinic and Olmsted Medical Center Institutional Review Boards. All subjects provided signed informed consent to participate in the study and in the imaging protocols.
Assessment of cognitive function. Each subject was evaluated at enrollment and every 15 months thereafter by a nurse or study coordinator and a physician, and underwent extensive neuropsychological testing. 13, 14 The nurse interview included questions about memory posed to the study participant, and the Clinical Dementia Rating scale 16 and the Functional Activities Questionnaire were administered to an informant. 17 The physician evaluation included a full neurologic examination, administration of a modified Hachinski Scale, 18 and the Short Test of Mental Status. 19 The neuropsychological testing included 9 tests to assess function in memory ( 20 Domain scores were computed by first scaling the adjusted test scores within a domain, then summing and rescaling to allow comparisons across domains. 20 For nonmemory domains, the domain score could not be computed if scores for one test were missing; for the memory domain, the domain score could not be computed if 2 test scores were missing. We also computed a single scaled summary score for each cognitive domain from the raw test scores, and summed and scaled the domain scores to obtain an unadjusted global cognitive z score. A diagnostic panel that included the 3 evaluators who saw the participant reviewed all of the information collected for each participant and assigned a diagnosis of normal cognition, MCI, or dementia by a consensus decision using previously published criteria. 13, 14, 21 Ascertainment of type 2 diabetes, hypertension, and other vascular risk factors. We assessed onset of vascular risk factors by abstracting the detailed medical records included in the medical records-linkage system. 15 We defined type 2 diabetes as (1) treatment for type 2 diabetes, (2) fasting blood glucose .126 mg/dL on 2 separate occasions, or (3) physician diagnosis in the participant medical record. Hypertension was defined as (1) systolic blood pressure $140 mm Hg or diastolic $90 mm Hg on 2 occasions, or (2) treatment for hypertension. Dyslipidemia was defined as (1) use of lipid-lowering medications, or (2) serum triglycerides $150 mg/dL, total cholesterol .200 mg/dL, or high-density lipoprotein ,40 mg/dL for men or ,50 mg/dL for women. Obesity was defined as a body mass index $30 kg/m 2 determined from medical record notation of weight and height. We assessed smoking (ever smoking 100 or more cigarettes) onset, intensity, and duration from self-report.
Acquisition of MRI measures. We performed MRI studies at 3 tesla (Signa; GE Healthcare, Waukesha, WI) with an 8-channel phased-array head coil, acquiring both a 3-dimensional magnetization-prepared rapid-acquisition gradient echo (MPRAGE) sequence and a fluid-attenuated inversion recovery (FLAIR) sequence. 22 From each subject's MPRAGE, we measured white matter (WM) volume using SPM5 unified segmentation, hippocampal volume (HV) using the FreeSurfer software (version 4.5), whole brain volume (WBV), and total intracranial volume (TIV). [22] [23] [24] We adjusted HV to TIV, and WBV to TIV. We computed WM hyperintensity (WMH) volume from FLAIR images using a semiautomated segmentation procedure developed in-house, and computed the ratio of WMH volume to total WM (WMH/WM). 25 In this way, WMH volume was scaled to the tissue volume at risk (i.e., WM). Cortical (.10 mm) and subcortical infarctions (WM, central gray, cerebellum, brainstem) were ascertained by experienced image analysts and confirmed by a radiologist (K.K.). Technicians who performed the imaging analysis had no knowledge of the clinical characteristics of participants.
Statistical analyses. Subjects were characterized as having onset of diabetes or hypertension in midlife (ages 40-64 years), in late life (age 65 years or older), or never. For each condition, subjects without the disease (never) were the reference group; thus, the reference groups differed for diabetes and for hypertension. We used multivariable logistic regression models to assess the associations (odds ratios [ORs], 95% confidence intervals [CIs]) of diabetes in midlife or late life vs no diabetes (reference group) with categorical MRI measures (cortical and subcortical infarctions). We used multivariable linear regression models to examine the associations (regression coefficients, 95% CIs) of diabetes with the outcome measures of log e -transformed continuous MRI measurements scaled by total WM or TIV (WMH/WM, HV/TIV, WBV/TIV). In this way, the response is adjusted by total WM or head size and the regression coefficients can be interpreted as the estimated relative percentage difference between groups. All models were adjusted for age (5-year increase), sex, and education (base models). In the fully adjusted multivariable models, we adjusted for age, sex, education, APOE e4 allele (carrier vs noncarrier), diabetes, hypertension, dyslipidemia, obesity, and smoking. We examined potential interactions between APOE e4 allele, sex, and diabetes in regard to imaging measures. We also performed a qualitative test of mediation to examine the effects of imaging measures on the association of diabetes with measures of cognition. A qualitative test for mediation is acceptable if the magnitude or significance of the association between 2 variables is reduced by introduction of a third variable. 26 To accomplish this, we examined the associations of diabetes with cognition (MCI, continuous cognitive z scores) in multivariable models where we included or did not include the imaging variables. We performed similar analyses for hypertension. We excluded 15 subjects with dementia because we could not perform subgroup analyses for these subjects. Table 1 summarizes the characteristics of the 1,437 MCSA participants without dementia at the first MRI acquisition. Mean (SD) age at onset of diabetes was 56.2 (9.7) years for midlife and 71.9 (6.5) years for late life; hypertension onset was 52.7 (8.2) years for midlife and 71.6 (7.3) years for late life. Compared with MCSA participants who underwent imaging, participants who did not undergo imaging (n 5 1,037) were older (median age 81 vs 80 years; p , 0.001), more frequently women (53% vs 48%; p 5 0.009), obese (31% vs 27%; p 5 0.03), less educated (#12 years of education 49% vs 43%; p 5 0.002), and were more likely to be ever smokers (52% vs 47%; p 5 0.007), but they had a lower frequency of dyslipidemia (35% vs 39%; p 5 0.03; table e-1 on the Neurology ® Web site at Neurology.org). There were no differences in the frequency of APOE e4 allele carriers, history of hypertension, and diabetes between imaging participants and nonparticipants. Table 2 shows the associations of diabetes and hypertension with the 5 imaging measures. Onset of diabetes and hypertension in midlife was associated with ischemic and atrophic imaging changes. The magnitude of the associations of diabetes and hypertension with infarctions and volumetric measures were stronger for onset of risk factors in midlife vs onset in late life. For completeness, we also examined associations of smoking and dyslipidemia with imaging features; midlife smoking and dyslipidemia were associated with reduced HV and WBV (table e-2). Table 3 shows the associations of diabetes and hypertension with cognitive measures. Midlife diabetes was associated with reduced performance in Table 1 Characteristics of study participants by cognitive status executive function, a reduced global cognitive score, and with an elevated risk of MCI in models adjusted for age, sex, and education. Late-life onset of diabetes was marginally associated with memory and executive function. The association of midlife diabetes with MCI was independent of other vascular risk factors and APOE e4 allele status and remained significant in fully adjusted models (table 3, footnote). Midlife hypertension was marginally associated with reduced performance in executive function, and late-life onset was marginally associated with MCI. All imaging variables were associated with cognitive measures. Table 4 describes the results of the qualitative tests for mediation that were performed to investigate potential mechanisms underlying the association of diabetes with cognitive impairment. To this end, we examined the effects of imaging variables on the association of midlife and late-life diabetes with cognitive measures. Model 1 does not include any imaging measure; models 2 to 6 include a single imaging measure at a time, and model 7 simultaneously adjusts for all of the imaging measures. Of note, the association of midlife diabetes was essentially unchanged after adjustment for imaging measures of vascular pathology (cortical infarctions, subcortical infarctions, and WMH/WM volume) but was attenuated after adjustment for HV/TIV (model 5) and became nonsignificant after adjustment for WBV/TIV (model 6) and all imaging measures (model 7). To determine whether potential mediating effects of vascular pathology were mitigated by treatment for diabetes, we repeated the analyses taking treatment into account. There was still no mediating effect of vascular markers (table e-3) . DISCUSSION In our population-based sample of older participants without dementia, we studied the associations of midlife diabetes with imaging changes and cognition, and the impact of imaging measures on the association with cognition. Midlife diabetes was associated with both ischemic changes and atrophic changes in our participants without dementia. Our findings demonstrate an association of midlife diabetes with cognition and with cortical infarctions and markers of whole brain and regional hippocampal atrophy. In particular, our multivariable models suggest that markers of brain atrophy are in the causal pathway and may mediate the association of midlife diabetes with cognition. In contrast, the association was independent of infarctions and WMH volume, and of the other vascular risk factors and APOE e4 status. These findings suggest that in persons with diabetes, brain volume loss may be a mechanism for the association of diabetes with Alzheimer disease or may share a common mechanistic pathway. The lack of an association of late-life diabetes with cognition further suggests that the pathophysiologic process requires decades to manifest pathologically or as symptoms.
RESULTS
In previous studies, midlife diabetes was associated with an annual increase in temporal horn volume 10 and hippocampal atrophy in the Framingham Offspring Study, [27] [28] [29] [30] with reduced brain volume in the Atherosclerosis in Communities cohort, 31 and with brain atrophy in the Leukoaraiosis and DISability in the Elderly Study. 29 Midlife diabetes was also associated with risk of subcortical infarctions in another study. 29 However, the previous studies invariably left doubt as to the mechanism by which diabetes caused the cognitive or imaging changes. Our ability to simultaneously model diabetic status in midlife with cognitive functioning and brain imaging in late life allowed us to establish that global brain volume loss was in the causal pathway for the association of diabetes with cognitive decline.
The associations of midlife hypertension with infarctions, WMH volume, and WBV are consistent with other studies. 10, 31, 32 The stronger effects of midlife onset of hypertension vs late-life onset may be attributable to long-standing small-and large-vessel disease. The marginal association of midlife hypertension with impaired executive function is consistent with the adverse effects of WM disease on frontal lobe function. The lack of significant association between hypertension and cognition precluded our investigation of the mechanism by which hypertension affects cognition. The marginal association of late-life onset with MCI suggests that the nonsignificant association of midlife onset with MCI may be attributable to a survival effect in an elderly cohort.
It is hypothesized that dysfunctional insulin signaling and altered glucose metabolism in the brain might have a role in tau protein degradation, amyloidogenesis, or some other process that is toxic to neurons. Altered insulin signaling may increase tau phosphorylation, 33 increase insulin binding to insulin-degrading enzyme, decrease b-amyloid clearance, 34 and lead to neurodegeneration. Elevated glucose levels may promote advanced glycation end-products (AGE) and their receptor (RAGE), 35 and binding of b-amyloid to RAGE may lead to formation of toxic products, neurodegeneration, and vascular brain damage. [36] [37] [38] Diabetes may also promote microinfarctions by a mechanism that is independent of macroinfarction and WMH changes, and by subclinical covert mechanisms that lead to brain volume loss.
Our study has several strengths. The populationbased design reduced the potential for selection bias. We assessed associations in a large sample of subjects without dementia and in preclinical asymptomatic individuals. Our use of a medical records-linkage system to assess vascular risk factors and patients' age at onset (midlife and late life) provided comprehensive Continued and more valid and reliable data than self-report. 15 The availability of medical record information from all providers of care in the community from earlier life to the present, in the same subjects, is an important and unique strength of our study. We used state-ofthe-art imaging techniques to assess markers of brain pathology, and comprehensively assessed cognitive function using published criteria. Finally, our ability to assess risk factors in midlife or earlier, and to evaluate associations with brain pathology in late life, allowed us to examine the effects of midlife exposures occurring many years before the assessment of imaging outcomes. Potential limitations of our study include a possibility for nonparticipation bias regarding nonparticipation. There were no differences among participants and nonparticipants in the imaging studies regarding the frequency of diabetes, hypertension, and APOE e4 allele, but there were differences in age, sex, education, and frequency of certain vascular risk factors in midlife. The higher nonparticipation by subjects with diabetes at the time of recruitment in the MCSA suggests that we may have underestimated the magnitude of the effect of diabetes on MRI markers of abnormality. We arbitrarily used age 65 years to designate earlier vs late-life onset of vascular risk factors; some people diagnosed after age 65 may have had undiagnosed or subclinical disease for a number of years. It is possible that vascular mechanisms (WMH/WM, infarctions) may have a stronger role in subjects with diabetes and hypertension who develop cognitive impairment at younger ages and who may be underrepresented in our sample. Finally, Olmsted County residents are primarily of Northern European ancestry, and our findings remain to be confirmed in other ethnic groups. 39 Our findings suggest that earlier onset of diabetes and hypertension leads to brain pathology in late-life brain, and that the effects of whole brain and hippocampal atrophy are a mechanism by which diabetes affects cognition in late life. The potential clinical implications of our findings are that prevention and control of diabetes and hypertension may prevent or delay the ischemic injury and brain neurodegeneration and the onset of clinical manifestations of cognitive impairment.
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